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Introduction
Over the last 650 thousand years, atmospheric carbon dioxide concentration ([CO 2 ]) varied between 180 and 290 ppm around a mean of 240 ppm [1] . Starting with the industrial revolution, [CO 2 ] has increased significantly due to human activities such as fossil fuel combustion and forest destruction, and reached ca. 380 ppm recently [2] . This increase in concentrations of greenhouse gases, especially CO 2 , has been suggested to cause global warming [3] . The predicted increase in atmospheric [CO 2 ] reaching 600 to 850 ppm by the end of this century will increase atmospheric temperature by 1.8˚C to 4.0˚C [3] .
The consequences of sharp rise in [CO 2 ] and global warming on plants and forests have raised great concerns because vegetation represents the major potential carbon sinks to alleviate [CO 2 ] emission [4] . Because CO 2 is the substrate for photosynthesis and temperature will directly influence plant physiological processes, [CO 2 ] and temperature will no doubt have direct and substantial impacts on plants [5] . Over the last decades, a large body of literature on actual and predicted impacts of elevated [CO 2 ] and temperature on the physiology and productivity of plants has accumulated [4] - [6] .
In the tropics and some subtropics, epiphytes are a diverse plant group and are thought to be particularly vulnerable to changes in climate and atmospheric deposition due to their tight coupling to atmospheric inputs [7] . Although epiphytes represent almost 10% of the global flora (up to 50% in some tropical montane cloud forests) [7] [8] , and the interest in elevated [CO 2 ] and climate change effects on canopy communities is strongly increasing [9] - [11] , knowledge of the potential effects of global climate change on epiphytes remains scarce. Among the few studies that assessed the potential impacts of elevated [CO 2 ] and global warming on epiphytes, most evidence has been derived from vascular epiphytes [12] [13] . Non-vascular epiphytes are poikilohydric and lack roots and an outer waxy cuticle; they absorbed all the required water and nutrients directly from air and precipitation through the entire plant surface [14] . Thus, non-vascular epiphytes are probably more sensitive to changes in atmospheric environment than vascular epiphytes [15] [16] . However, empirical evidences concerned about impacts of elevated [CO 2 ] and global warming on non-vascular epiphytes remain scarce.
Montane moist evergreen broad-leaved forest (MMEBF) is a subgroup of evergreen broad-leaved forest, and occurs mainly in tropical and subtropical mountains at high altitude in Yunnan Province, south-western China [17] . Ailao Mountain MMEBF is included in the Indo-Burma biodiversity hotspot and is one of the most diverse regions of China [18] . Due to the high rainfall, high relative humidity (RH), the presence of large trees, and absence of widespread human disturbance, the MMEBF located in the Ailao Mountains is especially rich in epiphytes [19] [20] . In this study, we transplanted 9 common cryptogamic epiphyte species (3 bryophytes, 6 lichens) from field sites to growth chambers and monitored their growth and health at regular intervals in a subtropical MMEBF in the Ailao Mountains. The main objective of this study is to assess the potential impacts of predicted elevated [CO 2 ] and temperature on the growth, and health of 9 common non-vascular epiphytes in the MMEBF.
Materials and Methods

Study Site
We conducted this study in four growth chambers in the Xujiaba region of south-western China (24˚32'N, 101˚01'E). The chambers locate in Ailao Mountains National Nature Reserve, which is surrounded by primary montane moist evergreen broad-leaved forests (MMEBFs) (23˚35' -24˚44'N, 100˚54' -101˚01'E). The MMEBF is primarily co-dominated by Lithocarpus hancei (Benth.) Rehder, Castanopsis rufescens (Hook.f.et Th.) Huang et Y.T. Chang, and L. xylocarpus (Kurz) Markgr. [21] . This forest has been classified to be an old-growth forest according to the presence of large, old trees, and absent of widespread human disturbance, which harbors plenty of epiphytic flora [21] . Especially, nonvascular epiphytes in the subtropical MMEBFs are abundant, including 176 species of epiphytic bryophytes [22] and 217 species of epiphytic lichens [23] .
The study site is affected by both the south sub-current of the west current from India and Pakistan and the southwestern monsoon, so it experiences a striking alternation of dry and wet conditions [24] . The following averages were recorded from the weather station in Xujiaba region between 2000 and 2010: average annual temperature, 11.1˚C (mean = 5.6˚C in January; 15.3˚C in July); mean annual precipitation, 1874 mm, with 87% of the rain in the rainy season (May to October); mean annual RH, 84% [11] . The annual temperature is predicted to increase by 2.2˚C by the 2050s, compared with the current condition in the MMEBF [11] .
Experimental Design and Measurement
Six epiphytic macrolichens (Sticta nylanderiana A. Zahlbr., Lobaria retigera (Bory) Trev., Lobaria isidiophora Yoshim., Nephromopsis pallescens (Schaer.) Y.S. Park, Usnea florida (L.) Wigg., Sulcaria sulcata (Levl.) Bystr.ex Brodo er Hawksw.)and three epiphytic bryophytes (Sinskea phaea (Mitt.) Buck, Calyptothecium hookeri (Mitt.) Broth., Homaliodendron flabellatum (Sm.) Fleisch.) were selected as the target species for translocation, as they are widespread in Asia (some in the worldwide) [25] and easy to sample in the study region. As in moist montane forests, bryophytes usually dominated the lower canopy, while lichens dominated the upper or outer canopy [26] , we sampled bryophyte materials from tree trunks at 1 -2 m height and lichen materials from middle and upper canopies at 20 -25 m height using single rope technique [27] . We used pendant transplants of thalli fragments of lichens and shoots of bryophytes to assess the biomass increment in different environmental conditions following McCune et al. [28] . In early April 2010, lichen thalli and bryophyte shoots were collected from the MMEBF. The lichen and bryophyte fragments were air-dried for 24 hours at room temperature and weighed. Pieces (0.1 -0.2 g) were attached to two to three cm nylon monofilament loop using a silicone sealant (Figure 1(b), Figure 1(c) ). After a further 24 hours of air-drying, all thalli were reweighed, including the weight of the device. For each species, 10 similar-sized samples were transplanted to the sample sites (upper canopy (ca. 24 m) for epiphytic lichens and lower canopy (ca. 1.5 m) for bryophytes) as field control, while 40 samples were transplanted randomly to 4 closed-top chambers (E-sheng Tech. Co., Beijing, China) (10 samples per chamber) in April 2010 (Figure 1(a) ). Considering the logistics and costs of controlling [CO 2 ] and temperature are great, a split-plot design was used in this study, with treatment as the between-plot effect and plant species as the within-plot effect followed by Stiling et al. [29] and Lei et al. [30] when controlling [CO 2 ] or temperature.
The close-top chambers are located in Ailaoshan Station for Subtropical Forest Ecosystem Studies (24˚32'N, 101˚01'E, elevation 2450 m), Jingdong County, Yunnan Province, SW China. There were four types of treatments in chambers: control; elevated [CO 2 ] (580 -780 ppm); elevated temperature (+2˚C -3˚C compared with the control); and elevated both [CO 2 ] and temperature (580 -780 ppm, +2˚C -3˚C). [CO 2 ] and temperature in each chamber were recorded at a 15 s interval and adjusted to the above ranges (data not shown). A computer-controlled CO 2 supply system (LT/ACR-ePLC, E-Sheng Tech. Co., Beijing, China) was used to control [CO 2 ]. The detailed structure and material of the chambers can be found in Lei et al. [30] . The chambers were covered with black shade nets to avoid direct sunshine (Figure 1(a) ). Ten transplants of each studied species were included in each chamber. Each chamber was divided into two sections and each section contained five transplants of each species to decrease the potential influence of possible environmental heterogeneity within each chamber. Transplants were randomly arranged in each section. To provide similar nutrient levels with the field sites, we watered the transplants with the same amount of rainfall every rain events using an aerosol sprayer in all the chambers.
After that, samples were removed, transported to the lab and air-dried for 24 hours before re-measuring, and then been put back every three months until January, 2011. Because the weights of air-dried lichens and bryophytes may be affected by humidity and temperature, water content of thalli and shoots was adjusted using the reference sample method [28] .
We ranked the health of each lichen thallus or bryophyte shoot: 0 = fully brown, dead looking; 1 = with many brown patches (>50% brown); 2 = some brown or dieback (10% -50% brown); 3 = healthy (<10% brown). Relative measures of growth of all the species were calculated following Song et al. [11] .
To document air temperature, water and light availability, we measured the air temperature, air RH, and photosynthetic active radiation (PAR) by placing an automatic weather station (Hobo U30, Onset Computer Corporation) at ca. 1.5 m height beneath the canopy (field control site for bryophytes) and one at ca. 24 m height upon the canopy (field control site for lichens). Microclimate measurements were recorded every 30 minutes. The mean vapor pressure deficits (VPD) were calculated according to the Goff-Gratch formulae [31] . 
Statistical Analysis
Effects of plant species, treatment, and their interactions on growth were tested using a split-plot ANOVA according to Lei et al. [30] . Then, differences in growth among different treatments and observation periods were analyzed using repeated measures General Linear Model (GLM) for each species [32] . Differences in growth among different treatments within each observation period were analyzed with two or three-way ANOVA. All the above analysis was divided into the following two steps: 1) treatment of translocation from field site to the control chamber, and 2) treatment of elevated [CO 2 ] and temperature. The categorical health data were analyzed with non-parametric methods (Kruskal-Wallis H). All analyses were conducted using the SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
Results
Microclimate Comparisons among Field Sites and the Control Chamber
Mean air temperature in the control chamber was 21.6˚C, which was remarkably higher than temperature at the field site at 24 m in the upper canopy (16.1˚C) and 1. , respectively. Additional data of microclimate are given in electronic supplemental material_1 (ESM_1).
Effects of Plant Species, Treatment, and Their Interactions
The split-plot ANOVA results showed that, for the first step, both plant species (F 8,125 = 56.395, P < 0.001) and treatment of translocation from field sites to the control chamber (F 1,125 = 24.304, P < 0.001) had a significant negative impact on the growth of the experimental materials. For the second step, although treatment effects of elevated [CO 2 ] (F 1,245 = 0.472, P = 0.493) and temperature (F 1,245 = 0.003, P = 0.953) were not significant, their interaction (F 1,245 = 4.124, P = 0.043) was significant. In addition, plant species (F 8,245 = 159.480, P < 0.001) also had a significant impact on the growth of the experimental materials in chambers.
Response of Growth and Health of Epiphytic Lichens after Transplants
Translocation from field sites to the control chamber had a significant negative impact on the growth in L. retigera, U. florida, and N. pallescens, while marginally significant for S. nylanderiana (P = 0.051), many of which turned brown or died back ( Table 1, Figure 2, ESM_2) . No significant effect of elevated [CO 2 ] had been detected for any of the experimental species, while significant negative effect of elevated temperature had been observed in L. retigera (Table 1) . Further, significant interaction between elevated [CO 2 ] and temperature had been detected in S. nylanderiana, L. isidiophora, U. florida, and S. sulcata ( Table 1) .
During the 9 months experimental period, samples of S. nylanderiana, L. retigera, U. florida, L. isidiophora, N. pallescens grew best at the field site, while transplants in all the four chambers showed limitation on growth after transplantation in different extent except S. sulcata (Figures 2(a)-(f), ESM_3(a)-(f) ). Especially, samples of L. retigera were losing their biomass after been transplanted into the chambers (Figure 2(b) ). We detected no significant differences at different treatments (field site, the control chamber, elevated [ (Figures 2(a)-(c), Figure 2(e) ). Three months after transplantation, there were significant differences in biomass of S. nylanderiana (F 4,35 = 4.595, P = 0.004) and L. retigera (F 4,35 = 15.381, P < 0.001) among treatments (Figure 2(a), Figure 2(c) ). Another three months after this, we detected significant differences in biomass of L. isidiophora (F 4,32 = 3.985, P = 0.010) and N. pallescens (F 4,34 = 4.587, P = 0.005) among different treatments (Figure 2(b), Figure 2(e) ). We detected significant differences among different treatments (Figure 2(d) ).
The initial samples were all in very good health for all lichens; however, health of samples in all chambers markedly deteriorated, with parts of transplants turning brown or were dying back after transplantation. Health of samples in the field site was not affected (ESM_2(a)-(f)). Three months after transplantation, there was a highly significant difference among treatments in health rating of L. retigera (Kruskal-Wallis H χ 2 = 29.061, P < 0.001). Many transplants of L. retigera in the chambers died back (ESM_2(b)). Another three months after this, we detected a significant difference in health rank of S. sulcata (Kruskal-Wallis H χ 2 = 11.069, P = 0.026), S. nylanderiana (Kruskal-Wallis H χ 2 = 14.952, P = 0.005), L. isidiophora (Kruskal-Wallis H χ 2 = 14.133, P = 0.007), U. florida (Kruskal-Wallis H χ 2 = 19.473, P = 0.001), and N. pallescens (Kruskal-Wallis H χ 2 = 17.296, P = 0.002) among different treatments (ESM_2(a), ESM_2(c)-(f) ).
Response of Growth and Health of Epiphytic Bryophytes after Transplants
Treatment effects of translocation from field sites to the control chamber was marginally negatively significant on growth of C. hookeri (P = 0.074, Table 1 ), many of which turned brown or died back (ESM_2(h)). In addition, marginally significant effect of further warming in chambers have been detected on growth of H. flabellatum (P = 0.070, Table 1) .
Similarly, samples grew best at the field site, while transplants hanging in the chambers showed relatively slow or negative growth during the 9 months' experimental period (Figures 2(g)-(i), ESM_3(g)-(i) ). Health of the bryophyte samples in the chambers markedly deteriorated, with parts of transplants turning brown or dying back after transplantation, while health of samples in the field site had no obvious change (ESM_2(g)-(i)).
Discussions
Treatment Effects of Translocation from Field Sites to the Control Growth Chamber
Translocation from field sites to the control chamber significantly negatively affected the growth of L. retigera, U. florida, and N. pallescens, while marginally significantly for S. nylanderiana (P = 0.051) and C. hookeri (P = 0.074), many of which turned brown or died back within 9 months (Table 1, Figure 2, ESM_2) . There is no apparent detrimental effect of transplantation because transplants in the field sites showed relatively high growth rates and good health (Figure 2, ESM_2) . Difference of microclimate conditions including water availability and air temperature between field sites and the control chamber should be the possible causes. Water availability has usually been considered to be the overriding environmental determinant of poikilohydric epiphytes [33] . For example, the pattern of epiphytes being more abundant in a tropical lowland cloud forest compared with a nearby lowland rain forest in French Guiana was attributed to the prolonged water availability in the cloud forest [34] [35] . Even in forest ecosystems without continuous moisture input, species composition of epiphyte communities changed drastically when the environment became drier following disturbance [36] . In addition, the transplantation experiments in the moist forest indicated the detrimental effect of decreased water availability on epiphytic bryophytes [11] . Thus, the decline of epiphytes from field sites to the control growth chamber in this study may be attributed to water limiting because RH in the control chamber was lower, while VPD was much higher than field sites (ESM_1).
In addition, elevated temperature (3.5˚C -4˚C) from field sites to the chamber control may be another important cause of significant adverse impacts on growth and health of experimental non-vascular epiphytes ( Table 1, Figure 2, ESM_2) . Similarly, translocation experiment in Bolivia indicated that elevated temperature may shift the structure of nonvascular epiphytic communities [9] . Another translocation study along the altitudes showed that transplantation to the warmer, drier sites resulted in remarkably reduced rates of growth and detrimental effects on the health of non-vascular epiphytes in southwestern China [11] . Furness and Grime [37] reported that all the 40 experimental bryophyte species were killed when kept continuously at temperatures above 30˚C, although maintained in a continuously moist condition. Elevated temperature will negatively affect carbon balances of lichens or even kill them [38] . It was shown that Peltigera scabrosa had been stressed when thallus temperature as low as 25˚C [39] . Normally, most lichens died when the thallus temperature exceeds 35˚C to 43˚C [40] .
It was reported that, in tropic, the ratio of daily carbon gain to respiration for non-vascular epiphytes is much lower than vascular plants, because photosynthesis is often strongly reduced due to desiccation during daytime, while these epiphytes are usually moist and actively respiring during nighttime with relative high air temperature [15] . This situation will no doubt become worse under warming condition based on the following two reasons. Firstly, higher temperatures may result in stronger respiration [33] . Secondly, higher temperatures will cause high VPD, and thus dehydration of poikilohydric bryophytes and lichens, thereby restricting the time available for carbon gain in the day time. This situation is exacerbated by the fact that lichens and bryophytes have small quantities of chlorophyll per unit area or mass compared to vascular plants [41] . It is suggested that, for the lichen Parmotrema endosulphureum, a predicted temperature increase of 3˚C without acclimatization would make it necessary to photosynthesize at maximum rates for >90% of the day to achieve a positive carbon balance [42] . This is clearly impossible because lichens show net photosynthesis for only 30% -80% of the light period, and at mostly suboptimal rates [43] . As a result, many lichens and bryophytes are incapable of high photosynthetic rates required to overcome respiratory energy losses under warm circumstance [44] . These studies imply that lichens and bryophytes in subtropical or tropical forests are already living close to the edge of their physiological abilities under current conditions [15] and thus they cannot tolerate further warming. Considering temperature in the MMEBF is predicted to increase by 2.2˚C by the 2050s [11] , many epiphytic bryophyte and lichen species may be negatively affected or even face extinction.
Further Treatment Effects of Elevated [CO 2 ] and Temperature in Chambers
Nonvascular epiphytes such as bryophytes and lichens can benefit from elevated [CO 2 ] [45] . It is suggested that the negative effects of warming on the carbon balance of bryophytes and lichens may be at least partly counteracted by increases in atmospheric CO 2 levels, although the inability to regulate water loss in poikilohydric plants limits the possible responses to CO 2 as compared to those of homeohydric plants [15] . For instance, in the lichen Lobaria pulmonaria (L.) Hoffm., nitrogenase activity was approximately doubled maintained in doubled [CO 2 ]; this, somehow, can be beneficial for them or even the whole forest ecosystem [46] . The moss Tortula ruralis and the lichen Cladonia convulata maintained their positive response to elevated [CO 2 ], which showed increased net CO 2 uptake in the material grown at high CO 2 by more than 30% and 50%, respectively [45] [47] . However, some other studies gave the opposite evidence. After been exposure to elevated [CO 2 ] for 30 d, photosynthetic capacity of green algal lichen (Parmelia sulcata Taylor) was found to be reduced, associated with a parallel decline in the amount of Rubisco in the pyrenoid of algal chloroplasts [48] . The moss Polytrichum formosum clearly down-regulated its chlorophyll and RuBisco contents after several months at 700 ppm CO 2 [47] . Our result indicated a third response possibility for bryophytes and lichens at elevated [CO 2 ] as there was no significant effect of elevated [CO 2 ] for any of the experimental species, although significant interaction between elevated [CO 2 ] and temperature had been detected in S. nylanderiana, L. isidiophora, U. florida, and S. sulcata. It was unfortunately that a large amount of experimental materials had already been killed by the dramatic microclimatic changes transplanted from field sites to the control chamber, which equals to a treatment of +3.5˚C in temperature and +2.38 kPa in VPD on average. This situation, to a certain degree, limited the possibility of discussing the further detailed effects of elevated temperature and [CO 2 ] in chambers.
Implications
Our results indicate the sensitivity of nonvascular epiphytes to microclimate changes. Warming is directly deleterious to nonvascular epiphytes because it induces higher respiration, which means higher carbon loss. Furthermore, higher temperature usually causes higher VPD, which may lead to dehydration of poikilohydric nonvascular epiphytes, and thus dormancy of their photosynthesis and, of course, lower carbon gain. If the above situation lasts, it will no doubt break the balance of the carbon budget of nonvascular plants. The study implies that it is necessary to consider the indirect effects of increase in VPD when we discuss the global warming effects on poikilohydric plants because their physiological activities are closely linked with water availability. Furthermore, translocation from field sites to the control chamber in this study is kind of an approximative proxy of logging, both of which dramatically change a wide range of key microclimatic factors including increase in temperature and irradiance, while decrease in relative humidity [49] . Considering a sudden exposure to higher temperature and lower water availability can rapidly damage some epiphytic bryophytes and lichens, we are warmed to take much more careful evaluation before logging during the practice of forest management and conservation.
In addition to the obvious threats posed by deforestation and air pollution, epiphytic lichens and bryophytes around the world face the menace of other global events such as climate change [7] [11]. This study, as well as a former study in the study region [11] , provides experimental evidence on the sensitivity of epiphytic lichens and bryophytes in response to warming and dryness. Our results imply a dim future for nonvascular epiphytes in a warming world, although interactions between elevated [CO 2 ] and temperature in some species such as L. isidiophora raise uncertainty to a certain degree. Given the fact that nonvascular epiphytes represent a large amount of biodiversity and biomass, play an important role in hydrological and nutrient cycles of the subtropical montane forests [19] [20] [22] , and show high sensitivity to environmental changes in the MMEBF [11] [16], we may underestimate global change impacts to epiphytic flora, or even the whole forest ecosystems. 
